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ABSTRACT
In this article, we use high frequency data and an identification via changes in volatility approach
to assess the volatility spillovers among oil and the US and Saudi Arabian stock markets. We
document the existence of asymmetry in contemporaneous spillover effects. Particularly, during
the times when oil’s trading hours overlap with the US and Saudi Arabian stock markets, the
volatility spillover from oil to the stock markets is higher than the other way around. We highlight
the importance of taking into consideration the information present during continuous trading
hours of oil, especially during simultaneous trading hours with the stock markets. We compare
our findings based on our structural VAR with those of a traditional reduced-form VAR, and
observe that contemporaneous and intraday effects are necessary to be taken into account since
the indirect transmission of volatility occurs through them.
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I. Introduction
Oil prices are of great importance for stock markets
(Driesprong, Jacobsen, and Maat 2008). The eco-
nomic rationale behind the investigation of relation-
ships between oil and stock prices is that based on the
equity valuation theory, stock prices are equal to their
discounted future cash flows (Wang and Liu 2016;
Creti, Ftiti, and Guesmi 2014; Jouini 2013; Sadorsky
1999; Huang,Masulis, and Stoll 1996). As fluctuations
in oil prices influence various determinants of
expected future cash flows, such as economic growth,
inflation, corporate performance and earnings, these
fluctuations affect stock prices (Salisu and Oloko
2015; Demirer, Jategaonkar, and Khalifa 2015; Park
and Ratti 2008; Apergis and Miller 2009). Several
studies further show that oil prices can serve as a
predictor for stock returns and economic recessions
(Narayan and Gupta 2015; Kang, Ratti, and Yoon
2015; Balcilar and Ozdemir 2013; Fayyad and Daly
2011; Engemann, Kliesen, and Owyang 2011).
Increases in oil prices generally depress economic
activity, put pressure on creditmarkets and negatively
affect stock prices (Nazlioglu, Soytas, and Gupta
2015). Ramos and Veiga (2013), instead, show that
oil prices have negative effects on the stockmarkets of
oil-importing countries, while the effects are positive
on the stock markets of oil-exporting countries.
Finally, financialization of oil-related products1 and
intensive oil trading in recent years has increased
bidirectional transmission of oil shocks between oil
and financialmarkets (Creti, Joëts, andMignon 2013).
Knowledge of these spillover effects between oil
and stock markets is relevant especially during finan-
cial crises given that markets experience a decline in
their prices and an increase in their volatility.
Moreover, Hamilton (2008) points out that 9 of the
last 10 US economic recessions were preceded by
increases in oil prices. The increase in oil’s volatility
is usually seen as representing greater uncertainty for
stock markets (Malik and Ewing 2009; Yang, Hwang,
and Huang 2002). Vo (2011), for example, finds
evidence of bidirectional volatility dependence
between oil and stock markets, showing that past
volatility of oil has predictive power for future stock
market volatility and vice versa. As such, the assess-
ment of volatility spillover effects can provide better
forecasts of volatility in oil and stock markets.
CONTACT Marinela Adriana Finta mfinta@smu.edu.sg; marinela.finta@gmail.com Lee Kong Chian School of Business, Sim Kee Boon Institute for
Financial Economics, Singapore Management University, Administration Building, 81 Victoria Street, 188065 Singapore
1Financialization means that oil prices are not only determined by the supply–demand structure of the oil market but are also importantly affected by
changes in financial market conditions (Wan and Kao 2015). This is due to the increased participation in oil and commodity markets of investors, who are
looking to achieve greater portfolio benefits, rather than commercial traders, who use derivatives markets to hedge against price fluctuations (Basak and
Pavlova 2016).
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Additionally, this investigation provides useful infor-
mation for international hedging strategies. Oil plays
a crucial role in these strategies for a variety of eco-
nomic agents, such as investors holding shares in oil
and oil-related industries, oil producers and consu-
mers (Arouri, Lahiani, and Nguyen 2011).
While most studies investigate the relationships
between oil and stock markets in developed
economies, the investigation of these relationships
in the US and emerging economies such as the
Gulf Cooperation Council (GCC) countries is
limited.2 Over the last decades, these countries
have experienced unprecedented economic growth
triggered by high oil prices. At the same time, the
economic expansion has provided greater access
for foreign investors to these stock markets. On
the other hand, this has led to speculative activity
in their stock markets and made them more sus-
ceptible to shocks in international markets and
thus, more volatile (Awartani and Maghyereh
2013). An interesting characteristic of the GCC
stock markets, which makes them unique and
different from those of developed countries and
other emerging markets, is that their economies
are heavily dependent on oil. In fact, the GCC
countries are the world’s major oil exporters. As
such, their economic performance is driven to a
large degree by oil prices which are determined at
the global rather than the domestic level.
Additionally, GCC investors have placed large
amounts of petrodollars in the US stock market
either for safety reasons or cross-market hedging
(Malik and Hammoudeh 2007). To understand
the impact that the shocks to oil and US stock
market volatility have on the GCC stock markets,
it is important to investigate the interactions
among them.
Given that oil trades continuously, its shocks
can be instantaneously transmitted to the US
and GCC stock markets when these markets
are trading. Thus, there may exist contempora-
neous spillover effects among these markets. In
addition, oil shocks can affect the GCC stock
markets indirectly via its contemporaneous spil-
lover with the US stock market. At the moment,
a clear understanding of these issues is lacking
in the literature focusing on the GCC countries.
For instance, it is yet to be explored whether
there are any contemporaneous spillovers, and if
yes, whether they are asymmetric and whether
there is an indirect transmission of shocks
between oil and stock markets. Several studies
examining the spillover effects have applied tra-
ditional VAR and GARCH models which solely
focus on lead–lag dynamic relationships between
oil and stock markets (Alotaibi and Mishra
2015; Jouini 2013; Jouini and Harrathi 2014;
Khalifa, Hammoudeh, and Otranto 2014).
These dynamic relationships, however, might
not fully capture the instantaneous and indirect
transmission of shocks. There are alternative
solutions which allow us to identify these
shock transmissions by making use of the non-
proportional shifts in volatility (Rigobon 2003;
Lütkepohl 2013).
In this article, we investigate the instantaneous
(happening within the same trading day) trans-
mission of volatility between oil, the US and Saudi
Arabia (SA) stock markets. There are several rea-
sons for the choice of the SA stock market from
the GCC countries. First, SA is the largest, oldest
and most liquid capital market with the highest
turnover ratio (Awartani, Maghyereh, and Al
Shiab 2013) in the GCC region. The SA market
has been open to foreign direct investment from
GCC countries, and since August 2008 has been
open to foreign investors indirectly through swaps
and exchange-traded funds. In June 2015, SA
opened its market to foreign direct investment.
Second, SA is the world’s largest producer and
exporter of oil. Moreover, SA is the second largest
petroleum exporter to the US, after Canada. Based
on this, we would expect the strongest levels of
spillover to occur between oil, the US and the SA
stock market.3
We analyse the instantaneous (contempora-
neous and intraday) spillover effects using a struc-
tural VAR (SVAR) model and Lütkepohl’s (2013)
approach via changes in volatility. Considering
these contemporaneous and intraday spilovers
are essential, as it allows us to distinguish between
the transmission of volatility shocks within the
2The GCC consists of the following countries: Saudi Arabia, United Arab Emirates, Kuwait, Qatar, Oman and Bahrain.
3An interesting extension would be to conduct our analysis for other GCC countries and determine how those are affected by the instantaneous spillovers.
However, the lower liquidity in these markets may be problematic when constructing volatility measures based on high frequency data.
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trading day (the direct and indirect effects), and
those volatility shocks that are transmitted
between trading days (the lead–lag effects).
Literature to date has predominantly focused on
daily or weekly data (e.g. Arouri, Lahiani, and
Nguyen 2011; Awartani, Maghyereh, and Al
Shiab 2013; Jouini 2013; Alotaibi and Mishra
2015), and thus ignores the spillover effects that
occur within the same day. These intraday spil-
lover effects, however, are expected to be strong
and important.
Our study makes several contributions to the
existing literature. First, our study is the first to
examine volatility transmission between the oil
and the US and SA stock markets taking into
consideration the continuous trading hours of
oil. In particular, using high frequency data, we
split the continuous trading period of oil into four:
the overlapping period when the US stock market
is open, the non-overlapping (NO) period after
the US stock market closes, the overlapping period
when the SA stock market is open and the NO
period after the SA stock market closes. For each
of these periods, we calculate the realized volati-
lities of oil, and the US and SA stock markets,
allowing us to explore the contemporaneous and
intraday volatility spillover effects (we refer to
these as the direct effects among these markets).
Second, we also assess the indirect transmission of
volatility between oil and SA stock market. For
instance, during the time when oil’s trading hours
overlap with the US stock market, a change in oil’s
volatility could not only directly affect SA stock
market volatility but this might also indirectly
influence its volatility via the volatility of the US
stock market. Third, from an empirical perspec-
tive, using Lütkepohl’s (2013) approach enables us
to address the simultaneity issue without imposing
any restrictions to identify the structural shocks
between oil and stock markets. By addressing
these issues, our study differs from the existing
literature (e.g. Arouri, Lahiani, and Nguyen 2011;
Awartani and Maghyereh 2013; Malik and
Hammoudeh 2007) which considers spot oil prices
when analysing the lead–lag relationships between
oil and stock markets.
Our analysis yields several interesting results.
First, we show that volatility of oil during the
overlapping trading hours with the US stock mar-
ket has a small direct impact on SA stock market
volatility. However, when taking into considera-
tion the indirect effects there is a significant vola-
tility spillover. This suggests that shocks to oil
volatility during the period when trading hours
overlap with the US stock market indirectly
(namely, via their impact on the volatility of the
US stock market and oil during the period when
trading hours overlap with the SA stock market)
affect the volatility of the SA stock market.4
Second, we find asymmetry in the contempora-
neous volatility spillovers. Specifically, we docu-
ment that shocks occurring during the
overlapping trading periods of oil with the US
and SA stock markets have higher impacts on
the US and SA stock market volatilities than the
other way around. Third, we emphasize the rele-
vance of volatility transmission across trading
venues by computing impulse response functions
and variance decomposition using our SVAR and
a traditional VAR. On the whole, our results high-
light that contemporaneous effects are important
to be taken into consideration since the indirect
transmission of volatility occurs through them.
Our findings have several implications. First,
for market participants, we show that the over-
lapping trading period of oil with the US and SA
stock markets has an influential role on other
volatilities given that increases in oil volatility
lead to increases in other assets’ volatilities.
Second, understanding the direct and indirect
volatility transmissions is useful for implementing
hedging strategies.5 Our findings clearly reveal
that when oil and stock markets trade simulta-
neously, the volatility shocks are transmitted con-
temporaneously. We emphasize that oil’s volatility
shocks which occur during the simultaneous
4The existence of these indirect effects could be an explanation for the mixed results in literature about the relationships between oil and the SA stock
market (Jouini and Harrathi 2014; Arouri, Lahiani, and Nguyen 2011).
5For instance, consider an investor with exposure to the SA stock market and who is worried about volatility spilling over from the oil market. If intraday we
observe that the correlation between the SA stock market and oil volatility is high, an investor may be worried about spillover. However, if the
contemporaneous effect only runs from the stock market to the oil market then hedging will be ineffective. In addition, knowledge of the intraday lead–
lag effects will be useful as well, as this dynamics would be ignored if one were to focus only on daily data. Finally, knowledge of the indirect effects can
be useful as well, as an indirect spillover from oil to SA volatility through US volatility could simply be hedged by a hedge on oil.
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trading hours with the US stock market indirectly
influence SA stock market volatility. Moreover,
volatility shocks to the US stock market directly
affect SA stock market volatility. SA’s stock
exchange might consider these volatility transmis-
sions as a signal to introduce financial instru-
ments, such as futures and options, to reduce
volatility impact on their stock markets or at
least allow market participants to hedge against
such shocks (Malik and Hammoudeh 2007;
Hammoudeh and Choi 2007).
The remainder of the article is structured as
follows. Section II briefly reviews the literature
that explores the relationships between the oil
and stock markets with emphasis on the GCC
countries. Section III presents the empirical set-
ting. Section IV discusses the data and Section V
documents the empirical findings. We conclude in
Section VI.
II. Literature review
This article examines the instantaneous volatility
spillovers between oil and stock markets of the US
and SA. We start this section by briefly discussing
the relevance of assessing the relationships
between oil and stock markets. We then discuss
the spillovers between oil and the GCC stock
markets, and between stock markets in the US
and GCC. Finally, we discuss the few studies that
investigate the spillovers among oil and the US
and GCC stock markets.
There is a considerable amount of literature
that analyses the interactions between oil and
stock markets (Park and Ratti 2008; Miller and
Ratti 2009; Filis, Degiannakis, and Floros 2011;
Creti, Ftiti, and Guesmi 2014; Wang and Liu
2016; Ramos and Veiga 2013). Most of these stu-
dies suggest that oil price shocks have negative
impacts on the stock markets of oil-importing
countries and positive effects on the stock markets
of oil-exporting countries. The main economic
reason for the existence of these links for oil-
importing countries is that higher oil prices lead
to higher inflation rates, lower real consumption,
higher production costs and lower expected cash
flows, all of which ultimately affect stock prices
(Reboredo and Ugolini 2016; Chkili, Aloui, and
Nguyen 2014). For oil-exporting countries, higher
oil prices generate more income and wealth,
thereby stimulating economic activity which may
be beneficial for stock markets (Awartani and
Maghyereh 2013). Other studies consider the role
of oil prices for future stock market performance.
For instance, Liu, Ma, and Wang (2015),
Driesprong, Jacobsen, and Maat (2008) and
Balcilar and Ozdemir (2013) show that changes
in oil prices predict stock market returns.
Likewise, Christoffersen and Pan (2017), Wang
and Liu (2015) and Vo (2011) find that oil volati-
lity provides useful information about stock mar-
ket volatility. Furthermore, Salisu and Oloko
(2015), Khalfaoui, Boutahar, and Boubaker
(2015) and Belgacem et al. (2015) document the
existence of significant bidirectional volatility spil-
lovers between oil and stock markets. These stu-
dies, therefore, emphasize that shocks occurring in
oil have significant impacts on stock markets.
Despite the substantial research on the relation-
ships between oil and stock markets in developed
countries, the literature on these relationships in
the GCC countries is limited. Awartani and
Maghyereh (2013) apply a VAR model and find
asymmetric return and volatility spillover effects
between oil and GCC stock markets, where the
spillover from oil to GCC stock markets is stron-
ger than the spillovers in the opposite direction.
Moreover, the authors conclude that the magni-
tude of these spillover effects has increased in the
aftermath of the Global Financial Crisis. In con-
trast, Arouri, Lahiani, and Nguyen (2011) show
that while there are return and volatility spillover
effects from oil to several GCC stock markets
(Bahrain, Oman, Qatar and UAE), the spillovers
from GCC stock markets to oil are nearly absent.
Contrary to previous studies, Jouini (2013) docu-
ments bidirectional spillovers at the volatility level,
where spillovers from the SA stock market sectors
to oil are higher than the other way around. At the
return level, the author observes unidirectional
spillovers from oil to the SA stock market sectors.
Similarly, Jouini and Harrathi (2014) argue that
volatility transmission is from the GCC stock mar-
kets to oil. With regard to the spillover effects
between the US and GCC stock markets, employ-
ing VAR and GARCH models, Awartani,
Maghyereh, and Al Shiab (2013) and Alotaibi
and Mishra (2015) provide evidence of
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asymmetric volatility and return spillovers.
Specifically, the authors show that following the
GFC, spillover effects from both the US and SA
stock markets to other GCC stock markets have
increased and are higher than the other way
around.
A possible explanation for this disagreement
is that the above studies examine the relation-
ships either between the oil and GCC stock
markets or the US and GCC stock markets,
and do not consider these markets jointly. As
such, these studies are unable to capture the
indirect transmission of shocks via the US
stock market or oil prices, respectively.
Moreover, as oil futures are heavily and con-
tinuously traded, using low frequency data may
fail to capture the information contained in
intraday price movements (Phan, Sharma, and
Narayan 2015) and thus, the instantaneous
transmission of shocks.
Besides the majority of studies that individu-
ally investigate the spillovers between oil and
either US or GCC stock markets, Malik and
Hammoudeh (2007) and Fayyad and Daly
(2011) address these spillovers considering oil
and stock markets in the US and GCC. Malik
and Hammoudeh (2007), for instance, investigate
volatility transmissions between the oil and stock
markets of the US, SA, Kuwait and Bahrain using
a multivariate GARCH model. Their findings
reveal the existence of volatility spillover effects
from oil and the US stock market to the three
GCC stock markets. Moreover, the authors show
that the SA stock market is more sensitive to oil
volatility than the US stock market, and is the
only market from the GCC stock markets which
transmits volatility to the oil market. This finding
emphasizes the important role that SA plays in
the global oil market as the largest oil supplier.
Fayyad and Daly (2011) examine the return spil-
lover effects between oil and the US, UK and
GCC stock markets, with exception of the SA
stock market. Applying a VAR model, the
authors find that during the GFC, the predictive
power of oil prices on stock prices increases,
except those in Kuwait and Bahrain. Although
these studies consider oil and stock markets in
the US and GCC, their investigation focuses on
the lead–lag relationships and not on the
instantaneous and indirect transmission of
shocks among them, which is the objective of
our study.
It has further been documented that the exam-
ination of spillover effects between oil and the
stock markets is relevant for implementation of
hedging strategies and portfolio diversification.
Khalifa, Hammoudeh, and Otranto (2014), for
example, apply Multi-Chain Markov Switching
and VAR models to analyse the portfolio strategies
based on volatility transmission and show that it is
better to hedge between the GCC markets and
each of oil and US stock market than between
the paired individual GCC markets. Mensi,
Hammoudeh, and Kang (2015) provide evidence
of average correlations between the SA stock mar-
ket and cereal (wheat, corn, rice), gold and oil, and
show that these commodity markets are useful for
diversification benefits and can serve as a hedge in
both normal and stressed market conditions. As
such, a better understanding of the shock trans-
missions among oil and stock markets could pro-
vide useful information for market participants.
The above studies share a few common character-
istics. For instance, these studies model the spillover
effects using VAR and GARCH models, which are
only able to capture the lead–lag relationships
between oil and stock markets. Moreover, they use
low frequency data, e.g. either daily or weekly, and
spot oil prices. However, since oil futures contracts are
traded continuously, their shocks can be instanta-
neously transmitted to stock markets and vice versa.
Thus, the effects of these shocksmight not be captured
byVARorGARCHmodels.Moreover, oil shocks can
also indirectly affect the SA stock market via a third
channel, e.g. the US stock market. The current article
fills these gaps in the literature by being the first, to the
best of our knowledge, to consider the instantaneous
and indirect effects. In particular, our study uses
Lütkepohl’s (2013) approach via changes in volatility
together with high frequency data to shed light on the
interactions between the oil, and both the US and SA
stock markets.
III. Model
We examine contemporaneous spillover effects
between oil and stock markets in the US and SA
using a SVAR model and Lütkepohl’s (2013)
APPLIED ECONOMICS 5
approach which allows us to achieve the identifi-
cation of shocks to realized variances.6
We define the total trading day by splitting each
day (24 h) into two overlapping and NO trading
periods when the US and SA stock markets are
open and closed, respectively. Specifically, Oil O;US
refers to the overlapping trading period of oil with
the US stock market, Oil O;SA is the overlapping
trading period of oil with the SA stock market,
Oil NO;US is the NO trading period of oil after the
US stock market closes, and Oil NO;SA is the NO
trading period of oil after the SA stock market
closes.7 Regarding the US and SA stock markets
(S), we consider their normal trading hours. In
particular, S O;US refers to the US stock market
during the overlapping trading hours with oil
and S O;SA is the SA stock market during the
overlapping trading hours with oil. We refer to
spillovers that occur during the overlapping
trading hours as contemporaneous spillovers, and
spillovers that occur between periods within the
total trading day as intraday spillovers. All times
are taken to be Greenwich Mean Time as follows:
t  1j |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} jt þ 1
Total Trading Day ðtÞ
Using intraday returns, ΔPi ¼ logðPiÞ  logðPi1Þ,
where Pi is the price at time i, we compute the
realized variances for oil and stock markets as
RVjt ¼ log
PN
i¼1 ðΔPiÞ2 Ttj
 
, with j ¼ Oil O;US;
S O;US;Oil NO;US;Oil O;SA; S O;SA;Oil NO;SA, T ¼ 24
and tj is the number of trading hours in the jth
trading period. We implement the scaling by T=tj
to have all volatility measures expressed as daily
measures.
To assess the interactions among our realized
variances, we implement the following SVAR:
ARVt ¼ cþΦðLÞRVt þ εt (1)
where RVt is a (6 1) vector representing the
realized variances of oil and stock markets, i.e.
RVt ¼ RVtOil O;USRVtSO;USRVtOil NO;US

RVt
Oil O;SA ;
RVt
SO;SA RVt
Oil NO;SA
0
(2)
where RVtOil
O;US
is the oil volatility during the
overlapping trading period with the US stock mar-
ket volatility, RVtS
O;US
is the US stock market vola-
tility, RVtOil
NO;US
is the oil volatility during the NO
trading period with the US stock market volatility
(i.e. the oil volatility after the US stock market is
closed), RVtOil
O;SA
is the oil volatility during the
overlapping trading period with the SA stock
2 : 30pm :::9pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{Oil O;US
9pm :::8am
zﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄ{Oil NO;US
8am :::12 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{Oil O;SA
12 : 30pm :::2 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{Oil NO;SA
2 : 30pm :::9pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
S O;US
8am :::12 : 30pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
S O;SA
6The literature generally uses three different econometric approaches that rely on identification through heteroskedasticity. The first approach is based on
Rigobon (2003) and uses different regimes to capture non-proportional shifts in heteroskedasticity. Studies that have implemented a modified version of
this approach include Ehrmann, Fratzscher, and Rigobon (2011) and Ehrmann and Fratzscher (2017). The second approach is based on Rigobon and Sack
(2003) who model the heteroskedasticity in residuals through a GARCH model. This approach has been implemented by, e.g. Badshah, Frijns, and Tourani-
Rad (2013). The third approach is that of Lütkepohl (2013), which we implement in this article. This approach uses a mixture of Normals to capture
heteroskedasticity in the residuals. As Rigobon (2003) notes, identification of the structural parameters is robust to misspecification of the process to model
the heteroskedasticity, so in theory results should be identical regardless of the econometric procedure used. We opt for the approach by Lütkepohl (2013)
because it is the most appropriate procedure for the data we have. The procedure of Rigobon (2003) based on volatility regimes may result in regimes
being selected that do not overlap with the time of the day when the contemporaneous effects are observed, and this may make identification
cumbersome. The econometric procedure based on a GARCH model might work well with daily data, but devising an appropriate GARCH model for the
intraday data we use is not trivial. The approach of Lütkepohl (2013) works very well with our data, as heteroskedasticity, as well as structural parameters
can all be estimated in one single estimation (unlike the Rigobon (2003) approach, which requires a two-step procedure).
7See also Kao and Fung (2012) who define the trading day based on the 24-hour GLOBEX trading in examining the volume–volatility relationships for the
Japanese Yen futures, Eeuro FX futures and E-mini S&P 500 futures.
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market volatility, RVtS
O;SA
is the SA stock market
volatility and RVtOil
NO;SA
is the oil volatility during
the NO trading period with the SA stock market
volatility (i.e. the oil volatility after the SA stock
market is closed). The coefficient c is a (6 1)
vector of constants and ΦðLÞ is a (6 6) matrix
polynomial in the lag operator. The (6 6) matrix
A captures the contemporaneous and intraday
spillover effects among the realized variances and
has the following structure:
A ¼
α11 α12 0 0 0 0
α21 α22 0 0 0 0
α31 α32 α33 0 0 0
α41 α42 α43 α44 α45 0
α51 α52 α53 α54 α55 0
α61 α62 α63 α64 α65 α66
0BBBBBBBB@
1CCCCCCCCA
(3)
where α12 captures the volatility spillover effect from
the US stock market, RVtS
O;US
to the oil during the
overlapping with the US stock market, RVtOil
O;US
and
α21 captures the volatility spillover effect from
RVtOil
O;US
to RVtS
O;US
. The other parameters are simi-
larly defined. Matrix A has a structure that is close to
a lower diagonal matrix (apart from elements α12 and
α45). These restrictions on matrix A are imposed to
allow for spillover effects only to move forward in
time, except for the contemporaneous effects, which
are captured by the two non-zero elements above the
diagonal (α12 and α45).
To identify the matrix A, we first estimate the
reduced-form VAR model:
RVt ¼ A1cþ A1ΦðLÞRVt þ A1εt
RVt ¼ c þΦðLÞRVt þ ut (4)
where the coefficients of Eq. (4) can be estimated
by OLS and are related to the structural coeffi-
cients of Eq. (1) through matrix A. As such, the
reduced-form residuals ut,Nð0;ΩtÞ where Ωt ¼
A1
P
t A
10 .
Given the fact that volatility transmission between
oil and stock markets occurs instantaneously, we
face an endogeneity problem. That is, we are unable
to identify the matrix A from Eq. (1) through esti-
mation of Eq. (4). As such, many studies (Khalifa,
Hammoudeh, and Otranto 2014; Fayyad and Daly
2011; Malik and Hammoudeh 2007) solely concen-
trate on the reduced-form dynamic effects, matrix
ΦðLÞ from Eq. (4) in examining the spillover effects
between oil and stock markets. But knowledge of
ΦðLÞ does not provide us with information about
the instantaneous spillover effects. To address this
issue, several studies (Ehrmann and Fratzscher 2017;
Ehrmann, Fratzscher, and Rigobon 2011; Andersen
et al. 2007) use the identification through heteroske-
dasticity approach of Rigobon (2003).
To overcome the endogeneity problem,
Lütkepohl (2013) introduces an approach via
changes in volatility. The idea behind this
approach is to use non-proportional changes in
the reduced-form variances, Ωt to identify the
contemporaneous relations, namely, matrix A.
Specifically, we assume that the structural shocks,
εt, from Eq. (1) are uncorrelated and the para-
meters from Eq. (4) are time-invariant. In doing
so, we can decompose Ωt as follows:
Ω1 ¼ A1A1
0
Ω2 ¼ A1ΨA1
0 (5)
where Ψ is a (6 6) diagonal matrix with distinct
elements capturing the change in variance from
Ω1 to Ω2.
The model is estimated using the Quasi-
Maximum Likelihood and the log-likelihood func-
tion is written as follows:
lTðγ;Ψ;AÞ¼
XT
t¼1
log γdetðΩ1Þ1=2exp  12 u
0
tΩ
1
1 ut
 
þð1 γÞdetðΩ2Þ1=2exp  12 u
0
tΩ
1
2 ut
 
(6)
where γ is the mixture probability, 0 < γ < 1. As the
elements of matrix A vary freely, we normalize the
estimated matrix A such that its diagonal elements
are one. In this instance, its off-diagonal elements
can be written as cα12 ¼ α12α11 , cα21 ¼ α21α22 and likewise
for the other elements. T-statistics for the normal-
ized matrix A are computed using Bollerslev and
Wooldrige’s (Bollerslev and Wooldridge 1992) SEs.
IV. Data
We employ high frequency data sampled at a 5-min
frequency for the oil and both the US and SA stock
markets. Due to limited availability of high frequency
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data for the SA stock market, we cover the period
from 7 April 2008 to 31 December 2015. The data
source is Thomson Reuters Tick History. We include
Mondays to Thursdays, during which time the US
and SA stockmarkets are both open for trading. Days
where one market is closed, as well as the US and SA
public holidays are removed from the sample. For our
investigation, we use the WTI crude oil front-end
futures traded on New York Mercantile Exchange
and the S&P 500/Tadawul All Share Index indices
for the US/SA stocks traded on New York Stock
Exchange and the Saudi Stock Exchange, respectively.
Table 1 provides summary statistics for equity
volatilities in the US and SA, and oil volatility during
both overlapping and NO trading periods. As shown,
the highest volatility is during the NO trading periods
of oil with the US and SA stock markets, followed by
the overlapping trading period of oil with the US
stock market, and then the US stock market and the
overlapping trading period of oil with the SA stock
market. These first three trading periods also exhibit
the highest mean volatility and variability of volatility
based on minimum and maximum values. All of the
oil and stock market volatilities show the typical
characteristics of positive skewness and excess kurto-
sis. ADF tests confirm the stationarity of oil and
equity volatilities at the 1% level.
In Table 2, we present the correlations among
the realized variances of oil in all four trading
periods and stock markets in the US and SA. We
Table 1. Summary statistics.
VtOil
O;US
VtS
O;US
VtOil
NO;US
VtOil
O;SA
VtS
O;SA
VtOil
NO;SA
Mean 0.0283 0.0143 0.0249 0.0178 0.0142 0.0340
Max 0.1448 0.0963 0.1966 0.0723 0.0828 0.1134
Min 0.0056 0.0021 0.0029 0.0041 0.0048 0.0061
SD 0.0172 0.0103 0.0212 0.0101 0.0095 0.0188
Skew. 2.03 2.91 2.64 1.68 2.87 1.24
Kurt. 8.60 15.00 13.99 6.67 13.97 4.83
ADF − 3.47*** − 4.20*** − 6.75*** − 4.00*** − 5.61*** − 4.33***
This Table reports summary statistics for the equity volatilities defined as Vt ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
i¼1
ðΔPiÞ2 TtjÞ
s
, i.e. VtOil
O;US
, VtS
O;US
, VtOil
NO;US
, VtOil
O;SA
, VtS
O;SA
and VtOil
NO;SA
in all six
trading periods. ADF is the t-statistics for the ADF test.  denotes significance at the 1% level. The total trading day is defined as follows:
2 : 30pm:::9pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;US
9pm:::8am
zﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄ{OilNO;US
8am:::12 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;SA
12 : 30pm:::2 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilNO;SA
2 : 30pm:::9pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;US
8am:::12 : 30pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;SA
t  1j |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Total Trading Day ðtÞ
jt þ 1
Table 2. Correlation matrix between realized variances.
RVtOil
O;US
RVtS
O;US
RVtOil
NO;US
RVtOil
O;SA
RVtS
O;SA
RVtOil
NO;SA
RVtOil
O;US
RVtS
O;US 0.6567
RVtOil
NO;US 0.6597 0.4407
RVtOil
O;SA 0.8167 0.6269 0.6231
RVtS
O;SA 0.6201 0.5471 0.4583 0.6178
RVtOil
NO;SA 0.7385 0.6171 0.5796 0.9509 0.5891
This Table reports the correlation matrix among the realized variances, RVtOil
O;US
, RVtS
O;US
, RVtOil
NO;US
, RVtOil
O;SA
, RVtS
O;SA
and RVtOil
NO;SA
. The total trading day is
defined as follows:
2 : 30pm:::9pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;US
9pm:::8am
zﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄ{OilNO;US
8am:::12 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;SA
12 : 30pm:::2 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilNO;SA
2 : 30pm:::9pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;US
8am:::12 : 30pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;SA
t  1j |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Total Trading Day ðtÞ
jt þ 1
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observe positive correlations between the volatili-
ties of oil and both the US and SA stock market
trading periods. We find the highest correlations
between the volatility of the overlapping trading
period of oil with the US stock market, and the
volatilities of stock markets and both overlapping
and NO trading periods of oil with the SA stock
market. These results show that there are volatility
spillover effects between the overlapping trading
period of oil with the US stock market and the
other oil and stock market trading periods.
V. Empirical findings
In this section, we present the results for the model
presented in Section III. We start by discussing the
Granger causality tests and continue with the evi-
dence on the contemporaneous and intraday spil-
lover effects among realized variances of oil and
stock markets. We then highlight the importance
of the indirect transmission of volatility by present-
ing the total spillover effects. Finally, we emphasize
the relevance of structural shocks in forecasting the
impulse responses and variance decomposition by
comparing these results with those obtained when
using the traditional reduced form shocks.
Granger causality
We start our analysis by estimating the reduced
form VAR model as given in Eq. (4). Using the
AIC, we obtain an optimal lag length of 5 days.
We then perform Granger causality tests for our
realized variances which are reported in Table 3.
The Granger causality tests show the existence
of strong and significant bidirectional causality
among oil and stock market volatilities in most
of the trading periods. Specifically, we find that
the Oil O;US volatility Granger causes OilNO;US ,
Oil O;SA and Oil NO;SA volatilities more than the
other way around. Interestingly, while there is no
significant causality running from the Oil O;US
volatility to the S O;US volatility, the reverse caus-
ality is highly significant. Instead, the Oil O;SA vola-
tility has a stronger causal effect on the S O;SA
volatility than in the opposite direction.
Moreover, this causal effect is higher than the
bidirectional causal effects between Oil O;US and
S O;SA volatilities. This significant causality high-
lights the important role of the Oil O;SA volatility
for the SA stock market volatility. Next, consider-
ing the causal effects of the S O;US volatility on the
Oil NO;US, Oil O;SA, S O;SA and Oil NO;SA volatilities,
we notice the highest impact on the OilNO;US vola-
tility. All these causal effects are bidirectional with
the exception of causality running from the
Oil NO;US volatility to the S O;US volatility.
In sum, our findings indicate that the volatilities
of oil during the overlapping trading hours with the
US stock market (OilO;US) and US stock market
(SO;US) significantly Granger cause the other
Table 3. Granger causality for realized variances.
TonFrom RVtOil O;US RVtS O;US RVtOil NO;US RVtOil O;SA RVtS O;SA RVtOil NO;SA
RVtOil
O;US 5:22 6:00 12:09 5:65 8:38
RVtS
O;US 1:36 1:47 2:91 3:43 3:21
RVtOil
NO;US 25:49 9:01 25:81 9:14 14:87
RVtOil
O;SA 20:65 6:70 8:96 4:32 0:40
RVtS
O;SA 5:70 2:17 3:15 7:18 5:91
RVtOil
NO;SA 11:30 5:71 6:25 2:96 3:35
This Table reports the results for the Granger causality tests on the reduced-form VAR which is estimated using five lags. The columns represent the
volatilities from which causality is running, whereas the rows represent the volatilities towards which causality is running.  and  denote significance at
the 1% and 5% levels, respectively. The total trading day is defined as follows:
2 : 30pm:::9pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;US
9pm:::8am
zﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄ{OilNO;US
8am:::12 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;SA
12 : 30pm:::2 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilNO;SA
2 : 30pm:::9pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;US
8am:::12 : 30pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;SA
t  1j |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Total Trading Day ðtÞ
jt þ 1
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volatilities. However, it is important to point out that
these causality tests capture lead–lag effects, and
thus may not capture the entire causal effects
between oil and stock market realized variances.
For instance, Table 3 shows no significant causality
running from the OilO;US volatility to the SO;US
volatility, whereas Table 2 documents high correla-
tion between the OilO;US and SO;US volatilities which
is similar to the correlation between the OilO;US and
OilNO;US volatilities. These results suggest that
Granger causality tests might not capture the con-
temporaneous and intraday spillover effects, which
are addressed in the next section.
Contemporaneous and intraday relationships
Table 4 presents the contemporaneous and intraday
spillovers (the direct effects), together with their
corresponding t-statistics. These relationships have
negative signs as they are captured by matrix A
which is on the left-hand side of Eq. (1). When
taken to the right-hand side of the equation, these
relationships become positive. We find a high and
significant contemporaneous spillover of 0.24 from
the volatility of the overlapping trading period of oil
with the US stock market to the volatility of the US
stock market. This coefficient implies that a 1%
increase in the OilO;US volatility causes a contem-
poraneous increase of 0.24% in the SO;US volatility.
Vice versa, a 1% increase in the SO;US volatility leads
to a smaller increase of 0.16% in the OilO;US volati-
lity. To assess whether the spillover from oil to the
US stock market is significantly larger than in the
opposite direction, we conduct a Wald test. This test
produces a test statistic of 18.50, which shows that
the difference is highly significant at the 1% level.
Note that these spillover effects were not evident
from the Granger causality tests reported in
Table 3, which showed the opposite, namely, that
the SO;US volatility has a significant and larger effect
on the OilO;US volatility than the other way around.
These findings demonstrate that the reduced form
VAR model is unable to capture the contempora-
neous spillover effects.
When we analyse the direct spillover effects
from the OilO;US volatility to the OilNO;US,
OilO;SA, S O;SA and OilNO;SA volatilities, we notice
the highest spillovers to the OilNO;US and OilO;SA
volatilities, with coefficients of approximately 0.76
and 0.16, respectively. These coefficients suggest
that a 1% increase in the OilO;US volatility causes
an increase of 0.76% in the OilNO;US volatility and
0.16% in the OilO;SA volatility, respectively.
Instead, the volatility of OilO;US has a small impact
on the volatilities of the S O;SA and OilNO;SA,
around −0.01 and −0.02, respectively, suggesting
that the S O;SA and OilNO;SA volatilities are less
sensitive to the OilO;US volatility shocks.
The above findings suggest that volatility
transmission from oil during the overlapping
trading hours with the US stock market
(OilO;US) to the SA stock market might indirectly
occur via the high impact that OilO;US shocks has
on the volatilities of SO;US, OilNO;US and OilO;SA.
Additionally, the S O;SA volatility may be instan-
taneously affected by shocks occurring in the
OilO;SA volatility. Indeed, we document that
there is a significant contemporaneous spillover
from the volatility of the overlapping trading
period of oil with the SA stock market to the
volatility of the SA stock market that is higher
than the other way around. Specifically, while a
1% increase in the OilO;SA volatility leads to an
increase of 0.07% in the S O;SA, the response of
OilO;SA volatility to shocks in S O;SA volatility is
smaller, with a spillover coefficient of 0.02. This
difference is again highly significant (a Wald test
produces a test statistic of 6.25, which is signifi-
cant at the 1% level). This finding emphasizes the
important role of oil when the SA stock market is
open in transmitting volatility shocks to the SA
stock market.
With regard to the spillover effects from the
SO;US volatility to the OilNO;US, OilO;SA, S O;SA and
OilNO;SA volatilities, we observe strong spillovers
to the OilO;SA and S O;SA volatilities. In particular,
SO;US volatility shocks lead to higher volatility in
OilO;SA and S O;SA with spillover coefficients equal
to 0.10 and 0.16, respectively, than in OilNO;US and
OilNO;SA, where the spillover coefficients equal
around 0.01. These findings are again inconsistent
with Granger causality results presented in
Table 3, which document that the causality
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running from the SO;US volatility to the OilNO;US
volatility is stronger than to the SA stock market
volatility and other oil volatilities. As such, our
results reveal that lead–lag dynamics fail to cap-
ture the full spillover effects transmitted during
the same trading day.
Our investigations so far document the exis-
tence of contemporaneous spillover effects that
are not captured by the reduced-form VAR
model. In particular, we show that when oil trades
simultaneously with the US and SA stock markets,
shocks occurring in either markets are transmitted
instantaneously among the volatilities of oil and
stock markets. Further, we highlight that whereas
oil volatility during the overlapping trading period
with the US stock market has a small impact on
the SA stock market volatility, volatility shocks
occurring in US stock market have a much higher
impact on SA stock market.
Total spillovers
In the previous section, we emphasized the impor-
tance of investigating the contemporaneous spil-
lover effects, and thus, the direct transmission of
volatility. This section aims to shed light on the
indirect transmission of volatility by discussing the
total volatility spillovers defined according to
Ehrmann and Fratzscher (2017) and Ehrmann,
Fratzscher, and Rigobon (2011) by the matrix
A1 as given in Eq. (4). The total spillover effects
are a combination of the direct spillover effects,
i.e. contemporaneous and intraday spillover
effects, and the indirect spillover effects, which
are transmitted on the same trading day as defined
in Section III. In particular, these effects show the
current total impact of structural shocks to εt. For
instance, a shock in the OilO;US volatility could
directly affect the S O;SA volatility but this may
also indirectly occur on the same trading day via
the US stock volatility and other oil volatilities (i.e.
volatility of oil before opening of SA stock market
and when the SA market is opened). Essentially,
an increase in the OilO;US volatility could affect the
US stock volatility and oil volatilities, which then
in turn might affect the S O;SA volatility. Thus, the
indirect effects can be computed as the difference
between the total and direct spillover effects.
Table 5 reports the findings of the total spillover
effects which are compared with the direct effects,
matrix A presented in Table 4.
When comparing the total effects in Table 5
with the direct effects in Table 4, we notice that
Table 4. Contemporaneous and intraday relationships among realized variances.
TonFrom RVtOil O;US RVtS O;US RVtOil NO;US RVtOil O;SA RVtS O;SA RVtOil NO;SA
RVtOil
O;US 1 0:16 0 0 0 0
(0.0139)
RVtS
O;US 0:24 1 0 0 0 0
(0.0325)
RVtOil
NO;US 0:76 0:01 1 0 0 0
(0.0132) (0.0001)
RVtOil
O;SA 0.16*** 0.10*** 0.07*** 1 0.02 0
(0.0035) (0.0021) (0.0017) (0.0261)
RVtS
O;SA −0.01*** 0.16*** 0.03*** 0.07*** 1 0
(0.0002) (0.0049) (0.0009) (0.0281)
RVtOil
NO;SA −0.02*** 0.01*** 0.003*** 0.98*** 0.01*** 1
(0.0019) (0.0005) (0.0002) (0.0951) (0.0013)
This Table reports the contemporaneous and intraday relationships between oil, US and SA stock market volatilities. These coefficients have opposite signs
to those of matrix A as this matrix is on the left-hand side of Eq. (1). When taken to the right-hand side these relationships become positive. Subsequently,
the column and row variables are the dependent and respectively, the explanatory variables. Numbers in parentheses are the Bollerslev and Wooldridge
(1992) SEs. ,  and  denote significance at 1%, 5% and 10% levels. The total trading day is defined as follows:
2 : 30pm:::9pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;US
9pm:::8am
zﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄ{OilNO;US
8am:::12 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilO;SA
12 : 30pm:::2 : 30pm
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{OilNO;SA
2 : 30pm:::9pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;US
8am:::12 : 30pm|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
SO;SA
t  1j |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Total Trading Day ðtÞ
jt þ 1
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the indirect transmission of volatility leads to an
increase in the magnitude of spillover effects. For
example, we find high and positive spillover effects
of 0.79, 0.25 and 0.23 from the OilO;US volatility to
the OilNO;US, OilO;SA and OilNO;SA volatilities, ver-
sus the direct spillover effects of 0.76, 0.16 and
−0.02. The magnitude of total effects indicates that
around 0.03, 0.09 and 0.21, respectively, from
these spillovers are indirectly transmitted.
Therefore, it is essential to take into consideration
the indirect volatility transmission in addition to
the direct transmission of volatility reported in the
previous section.
We further observe the existence of a volatility
spillover from OilO;US to S O;SA. For instance, a 1%
increase in theOilO;US volatility leads to an increase of
0.07% in the S O;SA volatility. Notice that the magni-
tude of this total spillover is higher than the magni-
tude of the direct spillover reported in Table 4. This
finding demonstrates that volatility shocks to the
overlapping trading period of oil with the US stock
market are indirectly transmitted to the SA stock
market by approximately 0.06. As such, the existence
of indirect volatility transmission may be the main
reason for the observed mixed empirical results in
literature regarding the interactions between the
volatilities of oil and the SA stock market (Jouini
and Harrathi 2014; Awartani and Maghyereh 2013;
Malik and Hammoudeh 2007). The extant literature
focuses on transmission of volatility the next trading
day without taking into account the possible interac-
tions among volatilities of oil and stockmarkets in the
US and SA.
Furthermore, we show that the responses of
OilNO;US and OilNO;SA volatilities to shocks in SO;US
volatility are strong, with spillover coefficients of
around 0.13 and 0.14, respectively. These spillover
effects are again stronger than the direct spillover
effects presented in Table 4, implying that around
0.12 and 0.13 of the SO;US volatility is indirectly trans-
mitted to OilO;SA andOilNO;SA, respectively. Contrary
to the high indirect impact of OilO;US volatility on
S O;SA volatility, we find thatUS stockmarket volatility
has a small indirect impact on SA stock market vola-
tility. Particularly, only 0.01 of the SO;US volatility is
indirectly transmitted, suggesting that most of the
volatility shocks occurring in the US stock market
directly impact the SA stock market volatility.
In sum, our analysis reveals that when we allow for
indirect spillover effects, there is an increase in trans-
mission of volatility. In particular, while volatilities of
Table 5. Total spillovers among realized variances.
TonFrom RVtOil O;US RVtS O;US RVtOil NO;US RVtOil O;SA RVtS O;SA RVtOil NO;SA
RVtOil
O;US 1 0:16 0 0 0 0
(0.0297)
RVtS
O;US 0:24 1 0 0 0 0
(0.0231)
RVtOil
NO;US 0:79 0:13 1 0 0 0
(0.0058) (0.0011)
RVtOil
O;SA 0:25 0:14 0:07 1 0:02 0
(0.0055) (0.0037) (0.0024) (0.0217)
RVtS
O;SA 0:07 0:17 0:03 0:07 1 0
(0.0018) (0.0055) (0.0020) (0.0120)
RVtOil
NO;SA 0:23 0:14 0:08 0:98 0:03 1
(0.0408) (0.0306) (0.0321) (0.1760) (0.0062)
This Table reports the total spillovers among oil, US and SA stock market volatilities as given by A1 which is normalized as matrix A such that its diagonal
elements are one. The matrix A1 is a combination of the direct spillover effects as presented in Table 4 and the indirect spillover effects via other markets.
The column and row variables are the dependent and respectively, the explanatory variables. The total trading day is defined as follows:
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the SA stock market and the NO trading period of oil
after the SA stock market closes are less directly
affected by the oil volatility during the overlapping
trading hours with the US stock market, their volati-
lities greatly increase when accounting for the indirect
volatility transmission. We also show that while a
large portion of US stock market volatility shocks
are indirectly transmitted to the volatility of NO trad-
ing periods of oil, the SA stockmarket ismore directly
affected by these shocks. These results underline the
relevance of considering the contemporaneous and
intraday effects and the continuous trading hours of
oil as these allow us to better explain the indirect
volatility transmission, which again is not observed
when applying a reduced form VAR model.
Reduced-form versus structural impulse response
functions
In the previous sections, we explained the direct and
indirect volatility spillover effects. In this section, we
examine the impacts of these effects in forecasting the
impulse response functions. Specifically, we assess the
reactions of structural shocks to εt given by the total
spillover effects, matrixA1. In addition, we compare
these structural impulse responses with the reduced-
form generalized impulse responses of Pesaran and
Shin (1998) which are not affected by the ordering of
the volatilities in the reduced form VAR model. This
comparison aims to highlight the importance of iden-
tifying the contemporaneous and indirect relation-
ships which are not captured by the reduced-form
impulse responses. Table 6 reports the results of the
reduced-form and structural impulses responses.
We document that the impulse responses of oil and
stock volatilities to a unit shock in the OilO;US volati-
lity are higher than to shocks occurring in other
market volatilities. For example, a unit shock in the
OilO;US volatility causes an increase in the SO;US,
OilNO;US, OilO;SA, S O;SA and OilNO;SA volatilities of
9.25, 14.24, 13.76, 9.31 and 12.48 units, respectively, in
the reduced-formVAR, versus 8.27, 14.48, 13.54, 9.00
and 12.42 units, respectively, in the SVAR model.
These findings suggest the existence of strong spil-
lover effects from OilO;US volatility to the other mar-
ket volatilities which are overestimated in the
reduced-from VAR. In addition, if we compare the
responses of the market volatilities to a unit shock in
the OilO;SA and S O;SA volatilities with a unit shock in
other oil and US stock market volatilities, we notice
that the former shocks have greater impacts than the
latter shocks. This implies that there are spillovers
among these volatilities. The reduced-form VAR
Table 6. Long-run impact matrix.
RVtOil
O;US
RVtS
O;US
RVtOil
NO;US
RVtOil
O;SA
RVtS
O;SA
RVtOil
NO;SA
Response Panel A: Reduced-form shock
RVtOil
O;US 15.30 8.87 7.09 12.20 9.23 12.00
RVtS
O;US 9.25 10.91 4.31 8.03 7.53 8.72
RVtOil
NO;US 14.24 8.23 7.63 12.27 9.11 12.27
RVtOil
O;SA 13.76 8.51 6.78 12.89 8.91 13.25
RVtS
O;SA 9.31 6.20 4.55 7.91 10.00 8.01
RVtOil
NO;SA 12.48 7.96 6.37 12.05 8.66 13.64
Response Panel B: Structural shock
RVtOil
O;US 15.04 5.59 1.26 8.34 7.02 3.40
RVtS
O;US 8.27 9.51 0.78 5.19 5.22 13.89
RVtOil
NO;US 14.48 5.24 2.24 8.63 6.94 6.82
RVtOil
O;SA 13.54 5.61 1.40 9.63 6.67 12.44
RVtS
O;SA 9.00 4.25 0.85 5.45 8.65 4.85
RVtOil
NO;SA 12.42 5.46 1.54 9.34 6.45 30.02
This Table reports the long-run impact matrix of the reduced-form and structural VAR model. The impacts are computed at the 250-day ahead response to a
unit structural shock. The total trading day is defined as follows:
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once again overestimates the responses of oil and
stock market volatilities to these shocks. At the same
time, we notice that theirmagnitude is higher than the
other way around since we capture the indirect spil-
lover effects. For instance, the OilO;SA volatility affects
the SO;US volatility over the next trading days indir-
ectly through the spillover withOilNO;SA volatility that
is transmitted on the same trading day.
On the whole, our findings show that
responses to volatility shocks occurring in the
overlapping trading periods of oil when the US
and SA stock markets are open are higher than
shocks to other volatilities and are overestimated
in the reduced-form VAR. The results once
again highlight the relevance of properly incor-
porating the simultaneous trading periods and
the indirect transmission of volatility.
Reduced-form versus structural variance
decomposition
In this section, we focus on the differences that
reduced-form and structural shocks have on fore-
casting the variance decomposition. Specifically, we
assess the percentage contribution of shocks
occurring in each of the market volatilities in
explaining the share of the total variance of the
OilO;US, SO;US, OilNO;US, OilO;SA, S O;SA and
OilNO;SA volatilities. Table 7 presents the findings
of the reduced-form and structural variance
decomposition.
We notice that the largest share of our oil and stock
market volatilities is due to their own shocks varying
between around 18% and 49% in the reduced-form
VAR, versus 18% and 78% in the SVAR. The excep-
tion is the OilNO;US volatility, which is more affected
by the OilO;US shocks than its idiosyncratic shocks. In
line with the impulse response findings presented in
Table 6, we observe that besides their own shocks, a
large proportion of the variability in OilO;SA and
S O;SA volatilities is explained by shocks originating
in the OilO;US volatility, approximately 21% and 16%
in the reduced-formVAR, versus 30% and 20% in the
SVAR. The reduced-form shocks to the OilO;SA and
S O;SA volatilities also explain a large proportion of the
oil and stock market volatilities ranging between
around 8% and 27%, whereas structural shocks
explain between about 2% and 15%, respectively.
These findings imply that volatility spillovers from
Table 7. Variance decomposition.
RVtOil
O;US
RVtS
O;US
RVtOil
NO;US
RVtOil
O;SA
RVtS
O;SA
RVtOil
NO;SA
Variance Panel A: Reduced-form shock
RVtOil
O;US 37.76 10.89 6.93 18.04 9.43 16.95
RVtS
O;US 14.60 49.36 2.89 10.40 10.37 12.38
RVtOil
NO;US 25.45 8.89 18.19 19.19 9.40 18.88
RVtOil
O;SA 21.20 8.65 5.57 28.14 8.06 28.38
RVtS
O;SA 15.98 8.39 3.91 11.63 48.19 11.90
RVtOil
NO;SA 18.26 8.17 5.29 26.69 8.33 33.26
Variance Panel B: Structural shock
RVtOil
O;US 64.87 7.27 0.40 14.62 9.54 3.30
RVtS
O;US 10.02 46.36 0.09 4.05 4.36 35.12
RVtOil
NO;US 43.40 5.73 17.95 13.36 7.56 12.00
RVtOil
O;SA 30.15 5.77 0.44 30.10 6.47 27.07
RVtS
O;SA 20.41 6.26 0.21 7.58 60.26 5.28
RVtOil
NO;SA 8.47 1.92 0.19 9.68 2.08 77.66
This Table reports the share of the variance of each realized variances, RVtOil
O;US
, RVtS
O;US
, RVtOil
NO;US
, RVtOil
O;SA
, RVtS
O;SA
and RVtOil
NO;SA
, that is explained by the
reduced form and structural shocks. The variance decomposition are computed at the 250-day ahead response to a unit structural shock. The total trading
day is defined as follows:
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the overlapping trading period of oil with the US and
SA stock markets and SA stock market to the NO
trading periods of oil and US stock market volatilities
are higher in the reduced-form VAR than the SVAR.
The exceptions are the spillovers from the OilO;US to
the OilNO;US, OilO;SA and SO;SA volatilities which are
smaller in the reduced-form VAR than the SVAR.
Overall, our results clearly show the dominant
role of oil shocks occurring during overlapping trad-
ing hours with the US stockmarket in explaining the
other volatilities and the different inferences that the
reduced-form and SVAR models have on the mag-
nitude of spillover effects. We also emphasize the
high contribution of shocks occurring during the
simultaneous trading of oil with the SA stock market
in explaining the variability of volatility of oil and the
US stock market.
VI. Conclusion
In this article, we investigate the contempora-
neous and intraday spillover effects between oil
and stock markets in the US and SA. Using the
continuous high frequency data of oil futures
split in overlapping and NO trading periods
together with Lütkepohl’s (2013) approach, we
explain volatility transmission among these
markets.
Our analyses lead to several interesting find-
ings. First, we find that the US stock market
volatility has a strong impact on the SA stock
market, whereas the volatility of oil during
overlapping hours with the US stock market
has a small impact on the SA stock market.
Instead, when exploring the indirect effects,
there is significant volatility spillover from oil
to the SA stock market. These findings suggest
that while volatility shocks occurring in the US
stock market are directly affecting the SA stock
market, shocks to oil volatility are transmitted
to other markets’ volatilities (i.e. the volatility
of US stock market and of oil before opening of
SA stock market and when the SA market is
opened) which then influence the SA stock
market. Second, we document that there is
asymmetry in contemporaneous spillovers
between oil and stock markets. Particularly,
when oil trades simultaneously with the US
and SA stock markets an increase in oil’s vola-
tility has a higher impact on the volatilities of
stock markets than the other way around.
Third, we highlight the importance of direct
and indirect volatility spillover effects in fore-
casting as shown by the impulse responses and
variance decompositions.
Our findings have several important implications.
First, we highlight the instantaneous transmission of
volatility when oil trades simultaneously with both
US and SA stock markets. This transmission pro-
vides relevant information for prediction of volatility
and high frequency trading, which can contribute to
better hedging strategies. Second, we find that oil
volatility influences the SA stock market not only
directly but also indirectly through other volatility
channels. To better evaluate the transmission of
volatility, investors and risk managers should take
into account both direct and indirect spillover
effects. The impulse responses and variance
decompositions show that absence of these effects
in traditional models leads to inadequate inferences
about volatility transmission. All in all, our analyses
emphasize the importance of volatility transmission
between oil and stock markets, focusing on the
continuous trading of oil futures.
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